We investigated changes in structures and properties of the endomysium and perimysium during development of semitendinosus muscle in relation to the increase in toughness of pork using samples from neonates to 55-mo-old pigs. The shear force value of pork increased linearly until 6 mo of age, and the rate of increase slowed down thereafter. The secondary perimysium thickened owing to an increase in the number and thickness of perimysial sheets consisting of collagen fibers, which became thicker and wavy with the growth of the pigs. This increase in thickness of the secondary perimysium was correlated significantly with the increase in the shear force value ( r = .98). The endomysial sheaths became thicker and denser in the muscle of 6-mo-old pigs. Maturation of the endomysium was accompanied by hypertrophy of muscle fibers. The amount of heat-soluble collagen decreased almost linearly, indicating that nonreducible cross-links between collagen molecules were formed throughout chronological aging. We conclude that thickening of the perimysium is closely related to an increase in the toughness of pork during growth of pigs.
Introduction
The structure of the intramuscular connective tissue is functionally divided into three hierarchical domains: the endomysium ensheathes individual skeletal muscle fibers, the perimysium surrounds a group of skeletal muscle fibers, and the epimysium encloses the entire skeletal muscle mass (Ham, 1967) . The intramuscular connective tissue plays an important role in determining meat toughness (Light et al., 1985; Bailey and Light, 1989) . The mechanical and chemical stabilities of collagen fibrils, which make up the intramuscular connective tissue, increase with chronological aging (Sinex, 1968; Robins et al., 1973) as a result of the increase in stable nonreducible crosslinks between collagen molecules (Bailey and Shimokomaki, 1971; Tanzer, 1973) . The mechanical stability of the intramuscular connective tissue depends not only on intermolecular cross-links of collagen but also on the size and arrangement of collagen fibrils (Rowe, 1981) . We have demonstrated structural changes in the intramuscular connective tissue during development of bovine semitendinosus muscle using the cell-maceration method for scanning electron microscopy; the arrangement of collagen fibrils and fibers becomes more and more ordered with the growth of cattle, and the ordered arrangement contributes to increasing the strength of the intramuscular connective tissue . However, no work has been reported on structural changes in intramuscular connective tissue during the growth of pigs. We report here changes in structures and properties of the endomysium and perimysium during development of porcine semitendinosus muscle in relation to an increase in the toughness of pork.
Materials and Methods

Animals.
A litter of Landrace pigs was used at birth ( n = 2), 1 mo ( n = 2), 3 mo ( n = 2), 5 mo ( n = 3), and 6 mo ( n = 3 ) of age, as well as two 55-mo-old Landrace pigs. All of the pigs were fed under the same conditions to eliminate effects of nutrition and physical exercise on the development of skeletal muscle. Pigs were slaughtered humanely at a slaughterhouse according to the guidelines for the care and use of laboratory animals established by our university, and the pigs were then dressed according to the usual practice. A portion of semitendinosus muscle was dissected from the right side of the carcass 30 to 40 min after death.
Shear Force Value. Samples (10 × 10 × 20 mm) for measurement of shear force value of raw pork were cut from semitendinosus muscle after 2 h after death, and the epimysium was removed. The shear force value perpendicular to the axis of muscle fibers was measured in 10 samples from each animal using a rheometer (NRM-2002J, Fudo Industry, Tokyo, Japan) with a straight-edged blade and a crosshead speed of 6 cm/min (Nichimura et al., 1996) .
Picro-Sirius Red Polarization Method. The picrosirius red polarization method for examination of structural changes in the endomysium and perimysium was carried out by the procedure of Flint and Pickering (1984) with slight modifications. Blocks of muscle samples ( 5 × 5 × 10 mm) were taken from the middle region of semitendinosus muscle and quickly frozen in liquid nitrogen. Transverse sections (about 4 mm in thickness) of the frozen muscle were cut in a cryostat (Shandon Southern Products, Cheshire, U.K.) at −25°C. The sections were placed in acetone for 60 min and then fixed in picro-formalin fixative containing 5% formalin, 90% ethanol, and saturated picric acid for 10 min. They were rinsed in 90% ethanol and in gently running water for 1 min and 10 min, respectively; stained with picro-sirius red solution containing .1% sirius red (Aldrich Chemical, Tokyo, Japan) and saturated picric acid for 60 min, transferred into .01 M HCl solution for 5 min, and rinsed in distilled water for 1 min. Then they were dehydrated in absolute ethanol, cleared with xylene, mounted in Perma Fluor permanent aqueous mounting medium (Lipshaw, Detroit, MI), and examined under a light microscope (BH-2, Olympus, Tokyo, Japan). The thickness of the secondary perimysium, which surrounded a group of muscle-fiber bundles, was measured on 10 micrographs ( n = 30) obtained from two to five samples from each pig.
Heat Solubility of Collagen. Heat-soluble collagen of semitendinosus muscle, from which the epimysium was removed, was determined with Hill's method (1966) with slight modifications. Two grams of samples were homogenized for 1 min at 10,000 rpm with 8 mL of a solution containing 147 mM NaCl, 4 mM KCl, and 2.2 mM CaCl 2 using a blade-type homogenizer (Virtis, Gardiner, NY). The resulting homogenate was heated for 70 min at 77°C and then centrifuged for 30 min at 1,000 × g. The supernatant solution was decanted, and the pellet was suspended in the same solution and recentrifuged. The supernatant solutions were combined, and the amount of hydroxyproline was determined with the procedure of Bergman and Loxley (1963) . The total amount of collagen was determined with the following procedures. Frozen powdered samples (100 mg) of muscles were hydrolyzed in 6 N HCl for 24 h at 110°C. After removing HCl, the amount of hydroxyproline was determined with the procedure of Bergman and Loxley (1963) , and a factor of 7.25 (Goll et al., 1963 ) was used to convert hydroxyproline to collagen. The amount of heat-soluble collagen was expressed as a percentage of the total amount of collagen. The values reported here are the means of three determinations for each muscle sample.
Cell Maceration and Scanning Electron Microscopy.
According to the cell-maceration method of Ohtani et al. (1988) , five samples (10 × 10 × 15 mm) were dissected from the midregion of semitendinosus muscle of each pig, fixed for 3 d in a 2.5% glutaraldehyde and .1 M phosphate buffer solution, pH 7.3, immersed in a 10% sodium hydroxide solution for 5 d, and then rinsed in distilled water for 5 d at room temperature. They were put into a 1% aqueous solution of tannic acid for 3 h, rinsed in distilled water for several hours, and postfixed in a 1% aqueous solution of osmium tetroxide for 1 h. The samples were then dehydrated in a series of graded concentrations of ethanol, freezefractured with a razor blade in liquid nitrogen, and dried with the t-butyl alcohol freeze-drying method (Inoue and Osatake, 1988) . The dried samples were mounted on metal stubs, coated with gold, and observed under a scanning electron microscope (S- Figure 2 . Increase in thickness of the perimysium during growth of pigs. Samples of semitendinosus muscle dissected from a neonatal pig (A), and from 1-mo (B), 3-mo (C), 5-mo (D), 6-mo (E), and 55-mo-old (F) pigs were treated with the picro-sirius red polarization method and examined under a light microscope. P, Secondary perimysium; pp, primary perimysium; E, endomysium. Bar = 50 mm. . Decrease in heat-solubility of collagen during growth of pigs. Two grams of semitendinosus muscle were homogenized for 1 min at 10,000 rpm with 8 mL of a solution containing 147 mM NaCl, 4 mM KCl, and 2.2 mM CaCl 2 . The resultant homogenate was heated for 70 min at 77°C and then centrifuged for 30 min at 1,000 × g. The amount of hydroxyproline in the supernatant solution was determined. The amount of heat-soluble collagen was expressed as a percentage of total amount of collagen in semitendinosus muscle. 800, Hitachi, Tokyo, Japan) with an accelerating voltage of 10 kV. Diameters of the endomysial sheaths were measured on 10 electron micrographs ( n = 100) obtained from more than two samples from each pig.
Results and Discussion
Meat from old animals is tough and of inferior quality for consumption. To examine this phenomenon quantitatively, we measured the shear force value of semitendinosus muscle during the growth of pigs (Figure 1 ). The shear force value was .24 kg in neonates and remained constant up to 1 mo of age, but then it seemed to increase linearly to .31 kg at 6 mo of age. Thereafter, the rate of increase slowed down, and the shear force value in 55-mo-old pigs was .39 kg. Thus, under the conditions of measurement in this study, the toughness of pork increased by approximately 60% during growth from neonate to 55-mo-old. Toughening of bovine semitendinosus muscle also showed a two-phase increment during growth; the shear force value was .31 kg in neonates, it increased linearly to .56 kg of 20 mo of age, and it increased at a slower rate to .62 kg at 36 mo of age (unpublished data). Thus, the toughness of beef increases by 100% during growth, similarly to the toughening of pork.
We observed the same structure of the intramuscular connective tissue in samples from pigs of the same age. Figure 2 shows structural changes in the secondary perimysium during growth of pigs observed by the picro-sirius red polarization method. Primary muscle-fiber bundles are surrounded by the primary perimysium, and a group of primary muscle-fiber bundles are enveloped by the secondary perimysium (Ham, 1967) . Endomysia and muscle fibers were obscure in semitendinosus muscle of neonates under a light microscope (Figure 2A ), whereas the primary and secondary perimysia were clearly observable in the muscle from 1-mo-old pigs ( Figure 2B ). The secondary perimysium thickened markedly as pigs grew. The thickness increased linearly from 6.1 mm in neonates to 23.6 mm in 6-mo-old pigs. Thereafter, the rate of increase in thickness slowed, reaching 44.3 mm in 55-mo-old pigs (Figure 3 ). This tendency coincided with the increase in the shear force value of semitendinosus muscle ( r = .98). The structural development of the secondary perimysium seems to be highly related to the toughening of pork during growth. We previously showed that the toughness of various chicken skeletal muscles is significantly correlated with the thickness of the perimysium, and we suggested that the thickness of the perimysium is one of the major factors that determine toughness of chicken . However, the amounts of heat-soluble collagen in the muscle decreased almost linearly with the growth of pigs: 35% of the total amount of collagen in neonates, 24% in 6-mo-old pigs, and only 5% in 55-mo-old pigs (Figure 4) . These results indicate that nonreducible cross-links between collagen molecules are formed throughout the chronological aging of pigs. These changes in collagen molecules bring about firmness of individual collagen fibrils in the endomysium and perimysium, contributing to toughening of pork. The simple correlation coefficient between the amount of heat-soluble collagen and the shear force value was inversely high ( r = −.98). However, further investigation is required to elucidate the exact changes in the heat solubility of collagen during the growth of pigs using a more accurate method than the present one to determine the amount of collagen, because Avery et al. (1996) have demonstrated that the colorimetric procedure is inaccurate for hydroxyproline determinations when collagen is present at values of less than 10%.
Because reasonably fattened pigs of approximately 6 mo of age are usually slaughtered to obtain pork of high quality, structural changes in the endomysium and perimysium during the growth of pigs up to the age of 6 mo were examined in detail using cell maceration and scanning electron microscopy. In this method, muscle-fiber elements and elastin fibers were eliminated by treatment with NaOH followed by rinsing with water (Ohtani et al., 1988) . The structures of the endomysium and the primary perimysium in semitendinosus muscle were obscure at birth, but the secondary perimysium, comprising several layers of a sheet structure, was clearly observable ( Figure 5A ). The endomysium ensheathed individual muscle fibers and displayed a honeycomb structure in the muscle dissected from 1-mo-old pigs ( Figure 5B ). At this stage, a group of endomysial sheaths was surrounded by the primary perimysium, and the secondary perimysium surrounded several groups of endomysial sheaths. The diameter of the endomysial sheaths and the thickness of the perimysium increased during growth of the pigs ( Figure 5C and D) . The thickening of the secondary perimysium was caused by an increase in the number and thickness of perimysial sheets consisting of collagen fibers. We measured the diameter of endomysial sheaths during development of semitendinosus muscle on electron micrographs (Figure 6 ). The histogram of the diameter of endomysial sheaths in the muscle of 1-mo-old pigs showed two peaks, at 21 and 35 mm; the diameter increased rapidly up to 6 mo of age, and the rate of increase slowed down thereafter. The diameter increased from 9.8 mm in neonates to 101.6 mm in 55-mo-old pigs.
Structural changes in the endomysium during in thickness, and their wavy pattern became more and Figure 7 . Structural changes in the endomysium during growth of pigs. Samples of semitendinosus muscle from a neonatal pig (A) and from 1-mo (B), 3-mo (C) and 6-mo-old (D) pigs were examined with the cell maceration/ scanning electron microscope method. In the muscle of 1-mo-old pigs (B), the diameter of endomysial sheaths (**) located at the periphery of the primary perimysium (arrows) appeared to be larger than that (*) in the center of the primary fiber bundle. Bar = 25 mm. development of semitendinosus muscle were observed at a higher magnification. The origin of endomysial sheaths was discontinuous and displayed various shapes in neonates, and a perforated structure was observed on the whole ( Figure 7A ). In the muscle of 1-and 3-mo-old pigs, each hole that had housed an individual muscle fiber was surrounded by a thin, cylindrical sheath ( Figure 7B and C) . In the muscle of 1-mo-old pigs, the diameter of endomysial sheaths being in contact with the primary perimysium was larger than that in the center of the primary musclefiber bundle. This is the reason why the histogram shown in Figure 6 displays two peaks. It seems likely that hypertrophy of muscle fibers proceeds from the periphery of the perimysium to the center of the primary muscle-fiber bundle. The endomysial sheaths became thicker and denser in the muscle of 6-mo-old pigs ( Figure 7D) . Maturation of the endomysium was accompanied by an increase in the diameter of muscle fibers. Although we could not determine the degree to which the endomysium contributed quantitatively to pork toughness, this can be elucidated by the method of Willems and Purslow (1997) , who showed, using a single muscle fiber, that endomysial connective tissue linkages between adjacent muscle fibers affects the breaking behavior of a muscle-fiber bundle. Figure 8 shows the process of the formation of endomysia in neonatal pigs as closer views of Figure 7A . The perforated structure, a prearranged endomysium, consisted of collagen fibrils, which ran in all directions and formed a loose network structure ( Figure 8A and B). There were network structures with holes ( Figure 8C ) and sheaths similar to those observed in mature muscle, but they were very loose and thin ( Figure 8D ). The endomysium in neonatal pigs had not yet formed the honeycomb structure characteristic of the endomysium of pigs older than 1 mo. These findings suggest that the endomysium in semitendinosus muscle is formed in pigs before 1 mo of age, accompanied by an increase in the diameter of muscle fibers, and that the perforated structure transforms into cylindrical and membranous sheaths during the growth of pigs. The architecture of the endomysium in the muscle of 1-mo-old pigs is essentially the same as that in adult pigs, although the arrangements of collagen fibrils are not as compact. The firm connections among endomysial sheaths prevent slippage of skeletal muscle fibers with respect to adjacent fibers during contraction and relaxation, and the sheet like structure of the perimysium holds a group of skeletal muscle fibers in place to transmit lateral forces generated by contraction. Figure 9 illustrates morphological changes in collagen fibers in the secondary perimysium during development of semitendinosus muscle. In neonates, the perimysium consisted of relatively straight collagen fibers of various diameters ( Figure 9A ). The diameter of collagen fibers increased during the growth of pigs ( Figure 9B−D) , and wavy patterns were formed in the muscle of 6-mo-old pigs ( Figure 9D ). Collagen fibrils in the endomysium were associated closely with each other; collagen fibers in the perimysial sheet increased more regular during growth of the pigs. These structural changes in the perimysium are similar to those of cattle reported previously . Rowe (1981) reported that the perimysium in skeletal muscle of various animal species shows a regular wavy pattern. The wavy structure enables the perimysial sheets of relatively inextensible collagen fibers to adapt to length changes in skeletal muscle by a straightening of the crimp (Viidik, 1973; Rowe, 1974) . The extremely regular wavy pattern is suitable for transmitting lateral forces as muscle fibers contract and expand while avoiding severe strain of any given portion of the perimysium.
The diameters of collagen fibrils in the endomysium and perimysium remained unchanged at 48 and 67 nm, respectively, during growth of the pigs (data not shown), although the thickness of collagen fibers increased with aging, as shown in Figure 9 . Collagen fibrils in the flexor tendon of cattle increase in diameter with chronological aging (Scott and Hughes, 1986) , whereas collagen fibrils of the perimysium in semitendinosus muscle of cattle fetuses have the same diameter as those in adult steers (unpublished data). The diameter of collagen fibrils is related to the type of collagen molecules that make up the fibrils (Bailey and Light, 1989) . We have observed by indirect immunofluorescence microscopy that types I, III, V, and VI collagens are present in the perimysium of semitendinosus muscle of 7-mo-old fetuses, and the localization of these four types of collagen in the perimysium remains unchanged during postnatal growth of cattle (Nishimura et al., 1997) .
Implications
Maturation of the endomysium, thickening of the perimysium, and formation of cross-links between collagen molecules contribute to the toughening of pork during growth of pigs. We conclude that the thickening of the perimysium is most closely related to the toughening of pork because the thickening coincides well with the increase in the shear force value of raw pork and because the perimysium, which consists of several layers of sheet structures of collagen-fiber bundles, is certainly the most robust among these factors.
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